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IGF-1 Modulates N and L Calcium Channels
in a PI 3-Kinase-Dependent Manner
Lesley A. C. Blair*³ and John Marshall² These effects typically took minutes to develop, some-
times requiring up to an hour to achieve maximal*Department of Pharmacology
responses. IGF-1, however, was found to modulate en-Yale University School of Medicine
dogenous voltage-dependent calcium channels in neu-New Haven, Connecticut 06520-8066
roendocrine cell lines within seconds of exposure, caus-²Department of Molecular Pharmacology,
ing large increases in L channel currents (SelinfreundPhysiology and Biotechnology
and Blair, 1994).Brown University
In the central nervous system, IGF-1 is of particularProvidence, Rhode Island 02912
interest because it is locally synthesized and widely dis-
tributed in the brain (LeRoith et al., 1993); its specific
RTK has been identified on neuroendocrine cells and
Summary both developing and mature neurons (Quirion et al.,
1988; Kar et al., 1993). Both ligand and receptor are
Receptor tyrosine kinases (RTKs) have long been found in the cerebellum. Although IGF-1 and IGF-1 re-
associated with proliferation in non-neural cells, ceptor levels are highest during development, IGF-
although they are also expressed in postmitotic neu- 1/RTKs are known to be present and active in the mature
rons. We demonstrate that insulin-like growth factor-1 nervous system. For example, IGF-1 reduces glutamate-
(IGF-1) induces within seconds a large, tyrosine- induced GABA release in the adult cerebellum (Castro-
kinase-dependent increase in calcium channel cur- Alamancos and Torres-Aleman, 1993). Morever, in verte-
rents in cerebellar granule neurons. Separation of brate neurons, voltage-sensitive calcium channels play
channel subtypes reveals that, while P, Q, and R chan- a wide variety of roles (Hirning et al., 1988; Lemos and
nels are unaffected, N and L channel activities are Nowycky, 1989; Holz et al., 1989; Murphy et al., 1991;
strongly potentiated at specific membrane voltages: Augustine and Neher, 1992; Spitzer, 1994; Regehr and
N currents triple at depolarized potentials, while Mintz, 1994; Gu and Spitzer, 1995; Galli et al., 1995;
L currents rapidly increase 4-fold at hyperpolarized Turner et al., 1995). RTK-dependent modulation of cal-
potentials. Moreover, transient expression of domi- cium channel currents could, therefore, influence nu-
nant-negative and wild-type phosphatidylinositol 3-OH merous essential neuronal processes, including sur-
kinase (PI 3-kinase) subunits, as well as application of vival, synaptic release, the ability to make and transmit
specific inhibitors, demonstrates that PI 3-kinase is an action potentials, and developmental processes known
essential and rate-limiting messenger in this signaling to require calcium channel±mediated calcium influx.
pathway. Our results indicate that N and L calcium The signaling pathways mediating neuronal RTK ef-
channels are downstream targets of neuronal RTKs and fects are largely unknown. One potential intracellu-
suggest that RTK modulation may control calcium- lar mediator is phosphatidylinositol 3-OH kinase (PI
dependent processes, such as neurotransmitter re- 3-kinase). It was recently shown to mediate IGF-1-
lease and IGF-1-dependent differentiation or survival. dependent survival of cerebellar neurons (Dudek et al.,
1997). In vivo, its activation leads to phosphorylation of
the inositol ring of phosphatidylinositol-4,5-bisphos-
phate (PIP2) at the 3-position (Carpenter and Cantley,Introduction
1990; Parker and Waterfield, 1992; Hawkins et al., 1992).
The reaction produces phosphatidylinositol-3,4,5-tris-Although considered primarily as mitogens, receptor
phosphate (PIP3), an integral membrane lipid that hastyrosine kinase (RTK) ligands, such as insulin-like growth
been postulated to be a second messenger generatedfactor-1(IGF-1), have recently been found to constitute
by RTKs (Carpenter and Cantley, 1990; Parker anda novel class of rapidly acting ion channel modulators.
Waterfield, 1992; Hawkins et al., 1992). PIP3 may beEpidermal growth factor activates voltage-sensitive cal-
converted to phosphatidylinositol-3,4-bisphosphate,cium channels (Hinkle et al., 1993; Naumov et al., 1993),
which is known to be essential for RTK activation of Akt/as well as voltage-insensitive calcium channels and cal-
PKBa (Franke et al., 1997). Unlike the cytosolic secondcium-dependent potassium channels in non-neuronal
messengers released by G-protein-coupled receptors,cells transfected with the epidermal growth factor re-
such as IP3, calcium, and cyclic AMP, both phosphatidyl-ceptor (Peppelenbosch et al., 1991, 1992; Lovisolo et
inositol-3,4-bisphosphate and PIP3 remain in the mem-al., 1992). Conversely, in oocytes transfected with fibro-
brane, suggesting that one function may be to attractblast growth factor (FGF) or platelet-derived growth fac-
or help tether further intermediates to specific sites ontor receptors, both factors decreased voltage-depen-
the membrane, creating strongly membrane-delimiteddent potassium currents (Timpe and Fantl, 1994). In
pathways. In addition, PIP3 was recently shown to bindaddition, insulin was found to decrease action potential
directly centaurin-a, a cytoplasmic protein preferentiallyduration in invertebrate neurons (Jonas et al., 1996).
located in the growing neurites of NGF-treated PC12
cells (Hammonds-Odie et al., 1996, and 1996 Neurosci-
ence abstract). We demonstrate here that PI 3-kinase³To whom correspondence should be addressed at Department
is a rate-limiting component in the IGF-1-modulation ofof Molecular Pharmacology, Physiology and Biotechnology, Brown
University, Providence, Rhode Island 02912. cerebellar calcium channels.
Neuron
422
Results
IGF-1 Potentiation of Cerebellar Calcium
Channel Currents
We found that cerebellar granule neurons responded
rapidly and dramatically to IGF-1. Within seconds, low
(10±100 ng/ml) concentrations of IGF-1 strongly potenti-
ated calcium channel currents (Figures 1A and 1B; N 5
51 cells). Peak responses were typically obtained within
30 s (N 5 49 of 51 cells), and often within 10 s (N 5 16
of 51 cells). In the absence of specific calcium channel
blockers, responses showed no obvious voltage depen-
dence, increasing z2-fold over a wide range of mem-
brane potentials (240 mV to 140 mV; Figures 1B and
1D). Addition of vehicle saline in place of IGF-1 failed
to elicit any response (Figures 1C and 1D; N 5 13 cells).
The IGF-1 responses appeared to be specifically medi-
ated by IGF-1/RTKs: very low concentrations of IGF-1
(10 ng/ml) were effective (N 5 6 cells), while insulin (100
ng/ml) elicited no responses (N 5 7 cells), even though
subsequent addition of IGF-1 (20 ng/ml) was effective
in the same neurons (Figure 1A). Moreover, the effect
of general tyrosine kinase (TK) inhibitors also supports
the involvement of cellular and/or RTKs: responses were
fully blocked by the active TK inhibitor, Lavendustin A
(1 mM; N 5 10 cells; Figure 2A; see also Figure 1D), but
unaffectedby exposure to its inactive analog, Lavendus-
tin B (1 mM; N 5 5 cells; Figure 2B; see also Figure 1D).
PI 3-Kinase Mediates the IGF-1 Potentiation
Although the intracellular pathways used by RTKs in
neurons are not fully known, PI 3-kinase has been impli-
cated in a variety of processes in non-neural cells and
recently was shown to mediate IGF-1-dependent sur-
vival of cerebellar neurons (Dudek et al., 1997). We pro-
vide here evidence strongly suggesting that PI 3-kinase
mediates the neuronal IGF-1 channel modulation and,
in addition, that its activation is a rate-limiting step: First,
the specific membrane-permeable PI 3-kinase inhibi-
tors, LY294002 and wortmannin (Yano et al., 1993;
Vlahos et al., 1994), both blocked the IGF-1-induced
potentiationof calcium channel currents (Figures 3Aand
3B; see also Figure 1D; N 5 10 cells exposed to 10±50
mM LY294002, and N 5 8 cells exposed to 50 nM wort-
mannin). In contrast, cells from sister cultures, exposed
to the highest dimethyl sulfoxide (DMSO)-containing
vehicleconcentration, responded normally to IGF-1 (Fig-Figure 1. Cerebellar Calcium Channels Are Rapidly Regulated by
ure 3C; see also Figure 1D; N 5 9 cells). Furthermore,IGF-1
(A) Insulin failed to elicit responses, although subsequent addition of
low concentrations of IGF-1 potentiated calcium channel currents:
voltage-activated barium currents were evoked by depolarizing volt-
age pulses from 280 to 0 mV before, 10 s after addition of 100 ng/
(D) IGF-1 responses in untreated granule neurons (open bars), and
ml insulin (small curved arrow), and 10 s after subsequent addition
those pretreated with TK or PI 3-kinase inhibitors (striped bars), orof 20 ng/ml IGF-1 (large arrow). To determine whether an insulin
transfected with PI 3-kinase p85 subunits (solid bars). Values areresponse could develop slowly, several minutes were allowed to
fold increases (1SEMs) over the pre-IGF-1 current levels measuredelapse between the additions of insulinand IGF-1; no insulin potenti-
in the same cells; barium currents were evoked by depolarizingation was detected. (A), (C): scale bars, 50 pA and 5 ms.
voltage pulses from 280 to 0 mV. Ns for each group are indicated(B) Membrane current±voltage relation for IGF-1 potentiation. Values
over the bars. In two cases, the untreated cells were not superfusedrepresent currents recorded in cells both before IGF-1 (closed cir-
with IGF-1, but with insulin (*) at 100 ng/ml or vehicle saline (**).cles) and 30 s after IGF-1 addition (closed triangles); mean 6 SEM;
Before testing their ability to respond to IGF-1, the pretreated cellsin some cases, errors were smaller than the symbols denoting the
were exposed to: Lav. A, 1 mM Lavendustin A; Lav. B, 1 mM Laven-means. N 5 26 cells.
dustin B; wort., 50 nM wortmannin; LY294002, 10 mM; and vehicle,(C) Vehicle additions failed to alter calcium channel currents: barium
currents, evoked as in (A), before and 10 s after (arrow) addition of 0.001% DMSO in saline. Transfections were performed as described
vehicle saline. N 5 13 cells. in the text.
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Figure 2. Potentiation of Calcium Channel Currents Requires TK
Activity
Pretreatment with the TK inhibitor, Lavendustin A (1 mM; [A]) fully
blocked the IGF-1 effect, while currents in a neuron pretreated with
Figure 3. Inhibiting PI 3-Kinase Prevents IGF-1 Potentiation of Cal-its inactive analog, Lavendustin B (1 mM; [B]), were strongly potenti-
cium Channel Currentsated. Arrows, after IGF-1; voltage-clamp protocol as in Figure 1;
(A) Pretreatment with the specific PI 3-kinase inhibitor, LY294002scale bars, 50 pA and 5 ms.
(10 mM), fully blocked IGF-1 increases in barium currents, but had
no effect on sodium currents (no tetrodotoxin present). (A±C), arrows
indicate 10 s after 20 ng/ml IGF-1; voltage-clamp protocol as in
no nonspecific effects of the inhibitors could be de- Figure 1; scale bars, 50 pA and 5 ms.
tected: In the absence of IGF-1, the addition of PI (B) Pretreatment with a second PI 3-kinase inhibitor, wortmannin
3-kinase inhibitors did not alter basal calcium channel (50 nM), also blocked IGF-1-potentiation.
(C). In contrast, neurons exposed to the inhibitor vehicle (DMSO-currents, nor were the input resistance or inward sodium
containing extracellular saline) responded normally to IGF-1.currents affected (Figure 3A).
We also assessed directly the function of PI 3-kinase
in the transduction pathway. In vivo, the kinase appears
becoming .10-fold. Together, the results imply that ac-to function as a dimer composed a catalytic subunit
tivation of PI 3-kinase is not merely required, but also(p110) that conveys the kinase activity and a regulatory
rate limiting.subunit (p85) that is activated either by binding directly
to the RTK or, potentially, in the cases of insulin and
Rapid Modulation of Cerebellar PIIGF-1 receptors, to insulin receptor substrate-1 (IRS-1).
3-Kinase ActivityHere, we transiently cotransfected granule neurons with
The IGF-1 dependence of PI 3-kinase activity in granulecDNAs encoding an inactive regulatory p85a subunit of
neurons was additionally assayed to determine whetherthe kinase (Dp85; Dhand et al., 1994) and the jellyfish
its activity is stimulated sufficiently rapidly to allow thegreen fluorescence protein (GFP; Marshall et al., 1995),
rapid channel modulation. PI 3-kinase was extractedan autofluorescent protein that enables identification
from cerebellar granule cells briefly stimulated with lowof transfected neurons. Under these conditions, IGF-1
levels of IGF-1, and its ability to phosphorylate phospha-responses were fully blocked (Figures 4A and 4B; see
tidylinositol was assessed in vitro (Jackson et al., 1992).also Figure 1D; N 5 25 cells). Cells transfected with only
Within 10 s, IGF-1 (20 ng/ml) dramatically increased thethe GFP-containing vector showed responses indistin-
kinase's activity in a dose-dependent manner (Figureguishable from those of non-transfected cells (see also
5A). Conversely, pretreatment with PI 3-kinase inhibitorsFigure 1D; N 5 9 cells). Cells were also transfected with
or a TK inhibitor prevented the IGF-1-dependent in-the wild-type p85a subunit (wt-p85). Moreover, cells
crease (Figure 5B); inactive inhibitor analogs had notransfected with Dp85, wt-p85, or the GFP-containing
effect (Figure 5B).These results clearly demonstrate thatvector alone were not discernibly different prior to IGF-1
IGF-1 can rapidly regulate PI 3-kinase activity in neuronsaddition, with indistinguishable input resistances, so-
within the period of calcium channel modulation.dium currents, and basal calcium channel currents, sug-
gesting that regardless of transfection condition, the
cells were equally healthy. Differential Modulation of N and L Channels
Specific neuronal functions have been ascribed to dif-Importantly, overexpression of the wild-type p85a
subunit (wt-p85) not only permitted IGF-1 modulation ferent calcium channel subtypes (Hirning et al., 1988;
Lemos and Nowycky, 1989; Holz et al., 1989; Murphyto occur, butsignificantly increased the IGF-1 responses
(Figures 4C and 4D). On average, an increase of z4-fold et al., 1991; Augustine and Neher, 1992; Spitzer, 1994;
Regehr and Mintz, 1994; Turner et al., 1995). Differenceswas observed (see also Figure 1D; N 5 18 cells). In
addition, the level of potentiation appeared to increase in modulation of specific subtypes could determine the
significance of RTK modulation in vivo. We were, there-with transfection effficiency. As judged qualitatively by
the fluorescence intensity of the marker protein, there fore, particularly interested in ascertaining whether all
calcium channels were being modulated, or whetherwas variability in the levels of expression of the exoge-
nous genes. The levels of IGF-1 potentiation appeared effects were unique to individual subtypes. Based on
the known pharmacological sensitivities of the calciumto vary similarly, generally increasing as fluorescent in-
tensity increased and, in one wt-p85-expressing cell, channel subtypes in cerebellar granule neurons (Tsien
Neuron
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Figure 5. IGF-1 Rapidly Increases PI 3-Kinase Activity in Cerebellar
Granule Neurons in a TK- and PI 3-Kinase-Dependent Manner
(A) Concentration dependence of IGF-1 responses: autoradiograph
of lipids produced in vitro by phosphorylation of PI by PI 3-kinase
immunoprecipitated from IGF-1-stimulated cells. Lane 1, no IGF-1
(10 s vehicle addition). Lanes 2±5, 10 s exposures to descending
IGF-1 concentrations: Lane 2, 200 ng/ml. Lane 3, 20 ng/ml. Lane 4,
2 ng/ml. Lane 5, 0.2 ng/ml.
(B) Regulation by PI 3-kinase and TK inhibitors: Lane 1, no IGF-1
(10 s vehicle addition). Lane 2, 10 s exposure to IGF-1, 20 ng/ml.
Lanes 3±5, Cells pretreated with inhibitors, then exposed to 20 ng/
ml IGF-1 for 10 sshowed no increase in PI 3-kinase activity: Pretreat-
ment with PI 3-kinase inhibitors, wortmannin (50 nM; Lane 3) or
Figure 4. Transfection of Granule Neurons with Active and Inactive
LY294002 (50 mM; Lane 4); pretreatment with the TK inhibitor, Laven-
PI 3-Kinase Subunits Controls IGF-1 Potentiation
dustin A (1 mM; Lane 5). Lane 6, cells pretreated with the inactive
(A) A cerebellar granule neuron cotransfected in culture by cDNAs analog, Lavendustin B (1 mM), responded strongly to IGF-1.
encoding an inactive PI 3-kinase subunit (Dp85) and GFP to identify
the transfected cell.
(B) IGF-1 failed to increase calcium channel currents in a granule
depolarized potentials (Figures 6B and 6D; N 5 8 cells).neuron transfected with Dp85: currents recorded before and 10 and
Conversely, when N currents were isolated in combina-60 s after addition of IGF-1 (100 ng/ml) superimpose. ([B] and [D]),
tion with R currents, the strongest responses were ob-arrows, after IGF-1; voltage-clamp protocol as in Figure 1; scale
bars, 50 pA and 5 ms. servedat depolarized potentials (Figures 6C and 6D; N 5
(C) A granule neuron cotransfected with the active p85 subunit (wt- 23 cells). The estimated potentiation of N and Lchannels
p85) and GFP cDNAs. over a wide range of membrane potentials is shown in
(D) Currents recorded 10 s after IGF-1 (20 ng/ml) addition increased
Figure 6D. However, it should be noted that the toxin-manyfold in a wt-p85/GFP-transfected cell.
insensitive R current, which is unaffected by IGF-1, is
expected to be approximately half of the initial currents
measured (Randall and Tsien, 1995). Consequently, theet al., 1988; Randall and Tsien, 1995), we assayed the
ability to respond to IGF-1 after pretreatment with differ- real potentiation of the RTK-sensitive N and L currents
should be considerably greater. Although these resultsent combinations of subtype-specific calcium channel
toxins. do not preclude the unmasking of silent channels or
insertion of new channels (Strong et al., 1987), theWe found that cotreatment with N- and L-type calcium
channel inhibitors, v-conotoxin-GVIA (v-CgTx-GVIA, 500 unique voltage dependencies of N and L channel poten-
tiation strongly imply that existing channels are beingnM) and nimodipine (5 mM), completely eliminated the
IGF-1 potentiation of calcium channel currents (Figure modified.
The macroscopic currents were also analyzed to de-6A; N 5 16 cells). Neither P nor Q calcium channels,
sensitive to v-agatoxin-IVA (v-aga-IVA, 300 nM), nor the termine whether IGF-1 modulation altered basic kinetic
properties. Potentially, IGF-1 might increase calciumresidual (R), toxin-insensitive calcium currents known
to be present in granule neurons (Randall and Tsien, current levels by increasing the likelihood of channel
opening in response to depolarization, or by decreasing1995) detectably contributed to the IGF-1-induced en-
hancement (N 5 61 cells). Together, the data suggest the likelihood of closing. Therefore, we examined current
rise times to assess whether IGF-1 increased the likeli-that only the N and L calcium channels are modulated
by neuronal IGF-1/RTKs. hood of channel opening, as well as current decay times
to determine whether IGF-1 reduced depolarization-The N and L channels were modulated in surprisingly
distinct voltage ranges (Figures 6B±6D). To isolate the dependent inactivation or the rates of simple channel
closure at hyperpolarized membrane potentials. To thisIGF-1-sensitive L current (plus the IGF-1- and toxin-
insensitive R current), neurons were pretreated with a end, the time constants of activation, inactivation, and
deactivation were estimated: the rise time at the begin-combination of v-CgTx-GVIA (500 nM) and v-aga-IVA
(300 nM): these currents responded strongly at hyperpo- ning of a depolarizing voltage pulse, the decay during
a pulse, and the decay following the return to the holdinglarized membrane potentials, though relatively poorly at
IGF-1 Modulation of N and L Calcium Channels
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potential (280 mV) at the end of the test pulses were
fit, respectively, by one, one and two exponentials. Anal-
ysis of v-CgTx-GVIA- and v-aga-IVA-insensitive L (1R)
currents indicates a large shift in the voltage depen-
dence of activation, with rise times increasing z3-fold
at hyperpolarized membrane potentials (Em 5 220 to
240 mV; tac shifting from z10 to 3 ms over this range;
N 5 23 cells). With increasing depolarization, the rise
times shifted toward control, pre-IGF-1 levels; above
120 mV, there were no differences between pre- and
post-IGF-1 levels. In contrast, no alterations in L current
inactivation, which ranged from .1 s at hyperpolarized
potentials to z400 ms at strongly depolarizedpotentials,
or deactivation, which ranged from 1.2 ms at 240 mV
to 0.14 ms at 140 mV, were detected at any potential.
Conversely, when the dihydropyridine- and agatoxin-
insensitive N (1R) currents were analyzed, the primary
effect appeared to relate to reduced inactivation at de-
polarized potentials: at strongly depolarized potentials
(Em 5 0 to 140 mV), the time constants of current fall
off during test pulses increased z5-fold, with tinac shifting
from z100 to 550 ms over this voltage range and a
maximum shift at 140 mV, where, prior to exposure to
IGF-1, tinac was 97 6 20 ms, but after IGF-1 was 624 6
55 ms (N 5 8 cells). No effect could be observed at
potentials more hyperpolarized than 210 mV. In addi-
tion, a slight increase in the rates of activation (z1.5-
fold) could be observed at strongly depolarized poten-
tials, with tac shifting from 1.3 6 0.2 to 0.8 6 0.1 ms at
140 mV (N 5 8 cells). Again, no effects on deactivation
could be detected.
Discussion
We have identified a novel means of channel modula-
tion, the rapid potentiation of specific neuronal calcium
channel currents by the IGF-1/RTK. The mechanism uti-
lizes PI 3-kinase as an essential and apparently rate-
limiting signaling component. Although the full se-
quence of intracellular events is unknown, the separate
and unique shifts in the voltage sensitivity of N and L
channels strongly suggest that the final step is biochem-
ical modification of specific channel sites. In vitro, the
Figure 6. IGF-1 Strongly Modulates N and L Calcium Channels, but serine/threonine kinases A and C (protein kinase A, pro-
in Unique Membrane Voltage Ranges tein kinase C) and calmodulin kinase II can phosphory-
(A) Pretreatment with the N and L channel antagonists, 500 nM late neuronal N and/or L channels (Ahlijanian et al., 1991;
v-CgTx-GVIA and 5 mM nimodipine, fully blocked the IGF-1-potenti-
Hell et al., 1994, 1995), although it is less clear howation. (A±C), arrows indicate 10 s after 20 ng/ml IGF-1; scale bars,
many of these sites are phosphorylated in vivo, or how50 pA and 5 ms.
(B) L currents showed strong IGF-1 potentiation at hyperpolarized phosphorylation may regulate channel behavior or vary
membrane potentials: upper, test potential 5 210 mV; lower, test in response to physiological stimuli. Interestingly, IGF-1
potential 5 140 mV; neuron pretreated with 500 nM v-CgTx-GVIA
can activate an atypical protein kinase C (Akimoto etand 300 nM v-aga-IVA.
al., 1996), and exogenous stimulation of protein kinase(C) Potentiation of N currents occurred preferentially at depolarized
potentials: upper, test potential 5 230 mV; lower, test poten- C activity has been associated with enhancement of
tial 5 120 mV; neuron pretreated with 5 mM nimodipine and 300 both N and L currents (Yang and Tsien, 1993; Hall et
nM v-aga-IVA. al., 1995). IGF-1 also activates TKs and phosphatases
(D) Evoked membrane current±voltage relationship for the IGF-1
(PTPs; Kenner et al., 1993), and a variety of channelspotentiation: peak current measured after IGF-1 was divided by that
are TK- or PTP-regulated (Wilson and Kaczmarek, 1993;measured before. Closed circles, the potentiation of L currents due
to 20 ng/ml IGF-1 (N 5 23 neurons pretreated with 500 nM v-CgTx- Huang et al., 1993; Wang and Salter, 1994; Lau and
GVIA and 300 nM v-aga-IVA). Closed triangles, N current potentia- Huganir, 1995; Swope et al., 1995; Holmes et al., 1996a,
tion by 20 ng/ml IGF-1 (N 5 eight cells pretreated with 5 mM nimodi-
1996b). Conversely, a relatively direct pathway may bepine and 300 nM v-aga-IVA). Values are means 6 SEM; where no
used. The immediate product of PI 3-kinase activity, theerror bars are shown, the errors are smaller than the symbols denot-
ing their means. integral membrane lipid PIP3, was recently discovered
Neuron
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to bind a protein, centaurin-a, which is localized in Misra et al., 1994). During differentiation, L channel-
mediated calcium influx is essential for neurite out-NGF-differentiated PC12 cell growth cones and associ-
growth, synapse formation, survival, and the shift to theated with the cytoskeleton (Hammonds-Odieet al., 1996,
mature action potential profile (Spitzer, 1994). Growthand 1996 Neuroscience abstract). The discovery of PIP3-
factors have also been implicated in many of these pro-binding proteins opens the intriguing possibility that it
cesses: FGF induces calcium channel±dependent neu-might directly alter channel behavior. Further, PIP3 can
rite outgrowth (Williams et al., 1994), and IGF-1 and Lbe attacked by lipid phosphatases toyield phosphatidyl-
channel inhibitors were recently revealed to have antag-inositol-3,4-bisphosphate, a lipid that may recruit down-
onistic effects on cerebellar granule neurons, with IGF-1stream effectors to the membrane (Franke et al., 1997).
promoting survival and L channel blockers decreasingOne such effector is Akt/PKBa, a serine/threonine
it (Galli et al., 1995; Dudek et al., 1997).kinase that mediates IGF-1-dependent survival of cul-
Our work demonstrates functional colocalization oftured cerebellar granule neurons (Dudek et al., 1997;
IGF-1/RTKs and L channels in granule neuron somata.Franke et al., 1997). The direct target(s) of Akt/PKB re-
This suggests that a principal effect of IGF-1 modulationmain to be determined, but potentially include neuronal
might be regulation of calcium-dependent enzymes, incalcium channels.
particular, transcription factors (Alberini et al., 1994).Although the significance of RTK activity in mamma-
Increased activation and increased rate of activationlian neurons is not yet established, rapid modulation
at negative potentials should increase the likelihood ofof ion channel activity by neuronal RTKs could be an
firing calcium action potentials by effectively reducingimportant meansfor determining both mature and devel-
the amount of depolarization needed to trigger an im-oping nervous function and, in particular, for rapidly
pulse. Moreover, the shift in L channel voltage sensitivitycontrolling calcium-dependent processes. An especially
could be especially significant for neurons that do notimportant area of future study will be determining the
normally fire somal action potentials. Increased activa-sites of release and local concentrations of growth fac-
tion at hyperpolarized potentials might eliminate thetors in the central nervous system. Currently, physiologi-
need for strong depolarization to induce calcium influx.cal concentrations, as used here, are defined by the
Developmentally, this would be expected to trigger in-levels found in cerebrospinal fluid. The actual levels of
flux-dependent cellular differentiation (Spitzer, 1994; GuIGF-1 around central neurons and how they might vary
and Spitzer, 1995) and, because early action potentialover time are unknown, although it is known that both
activity has been linked to establishing neural circuitsneurons and glia make IGF-1 mRNA (LeRoith et al.,
(Katz and Shatz, 1996), potentially could contribute to1993).
pattern formation. Our results strongly imply that rapidLocal release of IGF-1 would be especially crucial for
IGF-1 regulation of N and L channels would lead to aneuronal responses. Neurons consist of physically and
substantial increase in calciuminflux. Whetheroccurringfunctionally distinct domains. Since calcium channel ac-
as a result of spontaneous activity or mature actiontivity contributes to regulating many of these functions,
potential firing, such increases in intracellular calciumthe subcellular codistribution of IGF-1/RTKs and the
may dramatically alter neuronal function.IGF-1-sensitive channels may elucidate the significance
of RTK modulation. For example, colocalization in pre-
Experimental Proceduressynaptic terminals, where N channels are preferentially
expressed (Westenbroek et al.,1992; Sheng et al., 1996), Electrophysiology of Cultured Granule Neurons
would imply increased neurotransmission and a means Cerebellar granule cells from p5±p7 rats were cultured by standard
means (Messer, 1972) and tested after 2±21 days. Because serumof controlling synaptic plasticity (O'Dell et al., 1991; Bao
contains a large number of growth factors, cells were switched toet al., 1997). Because of the voltage sensitivity of N
media without serum prior to testing to eliminate potential preexpo-channel potentiation, subthreshold membrane activity
sure to IGF-1. Calcium channel currents were monitored using the
would not alter channel behavior. In contrast, incoming permeabilized patch variation of standard whole-cell patch re-
action potentials would reveal the depolarization- cording techniques (Hamill et al., 1981; Rae et al., 1991) and barium
dependent potentiation of N currents, thereby ensuring, as the charge carrier. A List EPC-9 patch-clamp amplifier was used
in conjunction with MacIntosh-based data acquisition and analysisvia reduced N channel inactivation, a largecalcium influx
software (HEKA, Instrutech Corp.); low pass filter, 2±5 kHz (23dB,into presynaptic terminals, increased neurotransmitter
digital Gaussian filter); sample interval, 50 ms; and P/4 leak subtrac-
release, and a stronger postsynaptic response. How- tion. Barium currents were evoked by depolarizing voltage pulses
ever, greater vesicle release might also increase vesicle (240 to 140 mV) from a holding potential of 280 mV. For each test
depletion. The overall effect could be to heighten trans- cell, currents were recorded immediately before and 10±500 s after
IGF-I addition. The rising phase was fit with a single exponential.mission in the short term, but depress it over time, modi-
Similarly, inactivation during the test pulse was assessed by fittingfying particularly the transmission of high frequency sig-
the time-dependent reduction in current by a single exponential. Atnals. Developmentally, N channel activity has been
the end of each test pulse, the membrane potential was returned
implicated in granule cell migration (Komuro and Rakic, to 280 mV, revealing tail currents that were fit with the sum of two
1992); regulation might also provide a means for sculpt- exponentials. All curve fitting was done using the HEKA software,
allowed to run to 1000 iterations.ing neuronal architecture.
Patch electrodes were filled with (in mM): 150 CsCl, 5 BAPTA, 10L channels, on the other hand, have been linked to
Na-HEPES [pH 7.4], as well as amphotericin B (final concentration,somal action potentials (Spitzer, 1994), the activation of
0.25 mg/ml) to permeabilize the patch and allow low resistance
ras and src, the modulation of RTKs (Finkbeiner and electrical access without breaking the patch membrane; electrode
Greenberg, 1996), and gene expression, including de resistance, z3 MV. Initially, a pipet saline omitting BAPTA and con-
taining 2 mM MgCl2 was used; however, we found that we couldnovo synthesis of ion channels (Murphy et al., 1991;
IGF-1 Modulation of N and L Calcium Channels
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detect, at best, small v-conotoxin-GVIA-sensitive currents and four times in cold lysis buffer and twice in cold kinase assay buffer
(in mM: 30 NaCl, 20 b-glycerophosphate, 0.2 Na4VO3, and 5 Na-switched to an Mg21-free pipet solution (Pearson et al., 1993). The
extracellular recording saline was (in mM): 100 NaCl, 20 BaCl2, 20 pyrophosphate).
Pellets were then assayed for inositol lipid kinase activity in vitrotetraethylammonium chloride, 5 4-aminopyridine, 1 mM tetrodo-
toxin, and 10 Na±HEPES [pH 7.4]. Under these conditions, calcium by incubation in PI and 32P-g-ATP. Explicitly, 40 ml of kinase assay
buffer and 20 ml of freshly prepared PI (per sample, 60 mg PI inchannel currents could be recorded for 5 min without displaying
significant 'rundown'. Frozen stocks of human recombinant IGF-I kinase assay buffer plus 1% cholate) were added to each tube.
Samples were placed in a 378C water bath, and production of radio-(Collaborative Biomedical Products) were diluted into extracellular
saline and superfused over cells. labeled PI was initiated by addition 40 ml of 32P-g-ATP (30 mCi/
sample), 3 mM Na2ATP, and 7.5 mM MgCl; 5 min incubation at 378C.
Reactions were terminated by the addition of 500 ml of an ice-coldKinase Inhibitors
methanol±chloroform±water (8:4:3) solution.TK and PI 3-kinase inhibitors (Lavendustin A, wortmannin, LY294002)
Following assay, lipids were isolated from proteins, and the [32P]PIwere dissolved at mM concentrations in 20%±100% DMSO and
3-P produced by the activated PI 3-kinase was separated from otherthen serially diluted into recording salines (Figures 2 and3) orculture
phosphorylated species by thin layer chromatography. This wasmedia (Figure 5) to the final concentrations stated in each figure.
done by adding to each sample 175 ml of chloroform plus 175 ml 1Paired vehicle controls used either the highest DMSO-vehicle con-
M HCl, vortexing and centrifuging, transferring the organic phase tocentration (0.001% DMSO) or, where available, inactive analogs of
tubes containing 630 ml of a 48:47:3 methanol±1 M HCl±chloroformactive inhibitors (e.g., Lavendustin B). Lavendustin A is a general
solution, and again vortexing and spinning andremoving the organicTK inhibitor, blocking both RTK and cellular TK activities. The two
phase, which was spotted onto silica gel thin layer chromatographyPI 3-kinase inhibitors are both thought to be highly specific for PI
plates, and run in a 100:70:15:25 methanol±chloroform±ammonia±3-kinase at the concentrations used here: in the nanomolar range,
water solvent for 1±2 hr. Air-dried plates were exposed to film for 2±8wortmannin has only been shown to block PI 3-kinase activity, al-
days at 2808C. [32P]PI 3-P spots were identified autoradiographicallythough at 200- to 1000-fold higher concentrations, it will inhibit MAP
and quantified by scintillation counting. In all cases, a single bandkinases (Yano et al., 1993). Similarly, LY294002 at the concentrations
corresponding to [32P]PI 3-P was obtained.used has no demonstrable effects on other kinases (Vlahos et al.,
1994).
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